There is great incentive to discover biologically active natural products from higher plants that are more effective than synthetic agrochemicals and are environmentally safe. Research emphasis at the US Department of Agriculture has therefore been on the development of alternative approaches to utilizing natural plant products in pest management. Discovery and evaluation of natural product fungicides is largely dependent upon the availability of miniaturized antifungal bioassays. We report on the development of a miniaturized 24-well leaf disk assay for evaluating plant extracts and pure compounds. Compounds applied directly to the leaf surface can be evaluated in a dose-response for fungicidal activity and phytotoxicity. The assay is sensitive to microgram quantities, can determine chemical sensitivity between fungal isolates, and adaptable to complex mixtures, lipophilic extracts, and non-polar compounds. The use of digital imaging and analytical software provided quantitative data and the ability to fine tune the data analysis. Identification of new potential lead compounds can be repeated quickly in time and real on-the-leaf-surface activity can be evaluated in high throughput formats and published in a reasonable time.
Fruit rot diseases of strawberry (Fragaria x ananassa Duch.) are serious problems for strawberry producers in many areas of the World [1a] and are particularly severe in the southeastern United States where diseases are often enhanced by warm temperatures and frequent rains during the harvest season. Florida strawberry growers whose farm gate revenue averages over $100 million each season lost an estimated 10 to 15% of their crop to disease [1b] . Anthracnose diseases caused by Colletotrichum spp.
[2] can be especially devastating because other plant parts may be infected in addition to the fruit.
Effective disease control strategies for crop plant pathogens often rely on the use of fungicides. Wedge et al. [3] reported on new efficacious management options for controlling strawberry fruit rot diseases in the US Gulf States region (Florida, Alabama, Louisiana) . Disadvantages of the using conventional chemical controls include the development of resistant fungal strains as well as potential environmental and mammalian toxicities. Insensitivity of many plant pathogens to commonly used commercial fungicides can seriously limit the availability of effective disease control agents. Numerous isolates of Colletotrichum spp. developed benomyl insensitivity after several years of use on strawberry and other fruit crops [4] . Colletotrichum species often cause typical symptoms of anthracnose, a disease characterized by sunken necrotic lesions usually bounded by a red margin [5] . Anthracnose diseases of strawberry are serious problems for fruit Fungicide discovery efforts at the USDA-ARS, Natural Products Utilization Research Unit, National Center for Natural Products Research, University, MS, are focused on natural products derived from plants and marine organisms with emphasis on compounds with fungicidal activity [7a] . Our interest in antimicrobial agents from higher plants [7b] has led to the discovery of new chemistry. In addition, we have developed novel miniaturized bioassays for evaluating small amounts of available compound [8] . Natural antimicrobial agents from plants are generally broad-spectrum compounds with low mammalian and environmental toxicity [7b] .
Development of new plant protectants with a lipophilic nature is limited by a lack of suitable bioassays in which non-polar compounds are properly solubilized. While the lipophilic nature of phytochemicals and marine compounds allows them to embed themselves into leaf waxes and persist through rainfall, hence making them potentially useful agrochemicals, this characteristic also makes them very difficult to evaluate in many bioassays. Essential oils and many marine extracts are hydrophobic and insoluble in most aqueous-based antimicrobial disk diffusion and micro-dilution broth bioassays. Direct bioautography on silica gel is our preferred primary screening bioassay and often the best assay for evaluating lipophilic compounds as fungicides for agricultural. Classical leaf bioassays used to test fungicide efficacy at concentrations between 625 and 2500 ppm may use 75-100 mg of an experimental compound that is often difficult to obtain. Therefore the need for a novel miniaturized leaf disk bioassay that quickly detects disease response on a real leaf surface with small product quantities and few replications is of utmost importance to natural product fungicide discovery. This paper presents information about our progress in developing of a new miniaturized 24-well detached leaf bioassay and we discuss problems associated with evaluating natural product fungicides.
A leaf color index of 2.67 obtained after inspecting 7-day-old leaf disks indicated that ½ strength Hoagland's No. 2 basal salt media preserved excised leaf disks the best (Table 1 ). Murashige and Skoog Mean necrosis (leaf lesions) indicated that Colletotrichum fragariae (CF75) and C. gloeosporioides (CG162) produced the most lesions under in vitro conditions and C. fragariae (CF63) produced the fewest lesions ( Table 2 ). The best treatment was C. fragariae (CF75) where inoculum was amended with 0.5% and 0.7% Tween 20 which produced 16.72 and 15.53% leaf disk necrosis, respectively. Tween 20 concentrations had no effect on leaf lesions caused by C. gloeosporioides (CG162). Necrosis indicated that there was no difference between 10 or 20 µL inoculum volumes for either of the three Colletotrichum spore suspensions when applied to the leaf disks (data not shown).
Phytotoxicity evaluations were made visually at 12 hrs after application of the fungicidal solution or solvent control and prior to inoculation Means followed by the same letter are not significant at p<0.05.
leaf necrosis and percent phytotoxicity of the leaf disk are presented in Table 3 . The commercial fungicide azoxystrobin at 625 ppm had the greatest level of disease control efficacy at 99% healthy tissue. Even at 2500 ppm, azoxystrobin showed the lowest level of phytotoxicity (0.45%). Both Origanum onites and A. sinensis essential oils were phytotoxic at higher doses (Figures 1 and 2 ). Color analysis of Plate 1b (Figure 2 ) showed healthy area in green, diseased area in black and phytotoxicity in gray. Origanum onites essential oil was more phytotoxic to strawberry leaves than was A. sinensis essential oil. Angelica sinensis essential oil was a more effective antifungal agent and against all three Colletotrichum species.
Efficiency of natural product fungicide evaluations can be greatly improved when miniaturized antifungal bioassays are available. Bioassays must not deplete limited quantities of test solutions available in microgram amounts and must be adaptable to complex phytochemical mixtures. These bioassays are most useful to applied agriculture when they incorporate in vitro or in vivo host tissues that pathogens naturally infect. Bioassays also need to take advantage of high-throughput technology such as digital imaging to evaluate dose-response relationships, compare commercial fungicides standards, identify potential modes of action, and elucidate structure activity responses [8] .
The 24-well leaf disk bioassay has numerous advantages over conventional greenhouse or field studies. The most important aspect of an in vitro assay is that testing is conducted under controlled conditions and is compact enough so that so that micro amounts of experimental compounds are not exhausted before testing is complete. Digital photography, color imaging, and analysis software make this assay a very powerful technique for evaluating lipophilic compounds applied topically to a leaf or leaf disk.
Images can be stored electronically and analyzed at one's convenience rather that trying to conduct more laborious and less precise field assessments. Moreover, the opportunity to go back and adjust the color images and analysis parameters to fine tune the data analyses can not be replicated in a greenhouse or field. Identification of new potential lead compounds can be repeated quickly in time and real on-the-leaf-surface activity can be evaluated in high throughput formats and published promptly. There will still be a need for evaluating disease at multiple geographical locations and over several years but increasing cost and efficiency of discovery research will continue to drive the need for the development of new miniaturized techniques such as the 24-well leaf disk assay. 
Experimental

Leaf disk preparation:
The first or second fully expanded leaves were removed from strawberry plants and transported directly to the laboratory from the greenhouse so that the leaves were available for the bioassay in less than 4 hours. Immediately after collection, the leaves were placed in a tray lined with moist paper towels and the tray was sealed to retain 100% relative humidity (RH) and maintained at ~12°C. Only leaves with no visible signs of injury or symptoms of disease were collected. Whole leaves were disinfested by placement in a beaker with 2.5% Clorox for 3 min., then they were rinsed 2-3 minutes in sterile distilled de-ionized water water three times. Leaves with any signs of bleaching were discarded. Strawberry leaf disks were then cut from the disinfested leaves using a 15-mm stainless steal cork borer and placed in moisture plate until they were placed in the 24-well plate. . All support solutions were adjusted to 6.5 pH using 0.1 N and 1.0 N NaOH. Excised leaf disks were placed onto the 1500 μL of either respective solidified salts/medium contained in each well of the 24-well plate. Plates were maintained in the sterile biological hood overnight prior to pathogen inoculation to allow time for the leaf disks to initiate wound healing and acclimate to the in vitro system. The plates were sealed with paper-based tape and placed in an incubator under Ushio Ultra 8 fluorescent lights (55±5 µmols·m -2 ·sec -1 ) (UFL-F17T8/741, Interlectric Corp., Warren, PA) with a 12 h photoperiod at 25ºC for one week. All samples were duplicated and experiments were repeated three times.
24-well leaf disk assay:
Pathogen and inoculum preparation:
Three Colletotrichum isolates were evaluated for their ability to produce disease lesions under the in vitro conditions of this studey. Colletotrichum fragariae (CF75), C. fragariae (CF63), and C. gloeosporioides (CG162) isolated from strawberry [4c] were evaluated for their ability to produce anthracnose symptoms on excised strawberry leaf disks. Each Colletotrichum isolate was grown on 1/2 strength potato dextrose agar (PDA) in 9-cm Petri dishes and incubated under Ushio Ultra 8 fluorescent lights (55±5 µmols·m -2 ·sec -1 ) at 25ºC as previously described [8c] . Conidia were harvested from 7-to 10-day-old solid cultures, and the aqueous conidial suspensions were filtered through sterile Miracloth (Calbiochem-Novabiochem Corp., La Jolla, CA, USA) to remove hyphae. Conidial concentrations were determined photometrically from a standard curve based on absorbance at 625 nm [7a,9a] , and then stock suspensions were adjusted with sterile water to a concentration of 10 6 conidia/mL. Conidial suspensions for inoculation were then adjusted to a final concentration of 10 5 conidia/mL. Two inoculum volumes were evaluated where the inoculum volume applied to each leaf disk was either 10 or 20 µL of either of the three fungal spore suspensions. After leaf disk inoculation the 24-well were plates were sealed with paper-based tape and placed in the incubator under at light intensity of 55±5 µmols·m -2 ·sec -1 (Ushio Ultra 8 fluorescent lights) with a 12 h photoperiod in a growth chamber at 25ºC for 6 days. Three concentrations of Tween 20 were also evaluated for their effects on promoting pathogen infection of the leaf disk. Tween 20 concentrations of 0.3%, 0.5%, and 0.7% were prepared in 100 mL sterile distilled water.
Disease assessment and phytotoxicity: Experimental compounds were evaluated in a dose-response format. The commercial fungicide, azoxystrobin that has protective and some curative activity, was used as a standard for comparison. A 20% ethanol:water solvent control was used in each study to solubilize lipophilic extracts. Angelica sinensis roots were purchased as a plant material from Jincheng Lingyi Drugstore, Weinan City, Shaanxi Province, China. Origanum onites essential oil was purchased from ALTES company, Turkey.
Stock solutions of azoxystrobin, Origanum onites essential oil, Angelica sinensis at 625, 1250, and 2500 ppm were prepared prepared as the solvent control.
Strawberry leaf disks prepared as previously described were dipped in antifungal test solutions for 3-5 seconds, excess solution was allowed to drain onto the edge of the test tube and then the leaf disk placed into the appropriate row and column of the 24-well plates. Plates were incubated over night at 20ºC and inoculated the next morning with 20 μL of conidial solution obtained from either C. fragariae (CF75), C. fragariae (CF63), or C. gloeosporioides (CG162). Percent healthy tissue, percent leaf necrosis, and percent phytotoxicity were determined at 5 days after inoculation by a Lemnatec Lemna HTS and SAW Scanalyzer analyzing software (LemnaTec GmbH, Wurselen, Germany). The Scanalyzer was set up with a digital camera (Sony DFW-SX900 camera) to photograph a 24-well plate containing the leaf disks using both top lighting and bottom lighting (8 W fluorescent tubes). Contrast was optimized for disk clarity and color. Software configurations were set to measure the area of each disk separately and classify the colors detected within each leaf. The color classification was set to differentiate healthy tissue, bleached tissue, and necrotic lesions on the leaf disk surface.
Experimental Design: SAS (Statistical Analysis System, Cary, N.C.) was used to conduct analysis of variance and mean separation tests on all three experiments. A completely randomized design was used for all experiments. All factors were considered to be fixed effects except for surfactant concentration in the surfactant experiment. Fisher's protected LSD was used to separate means [9b] .
